Magnetic-field effect on the magnetic and electric properties in a chiral polar ordered corundum Ni 2 InSbO 6 has been investigated. Single-crystal soft x-ray and neutron diffraction measurements confirm long-wavelength magnetic modulation. The modulation direction tends to align along the magnetic field applied perpendicular to the polar axis, suggesting that the nearly proper-screw type helicoid should be formed below 77 K. The application of a high magnetic field causes a metamagnetic transition. In a magnetic field applied perpendicular to the polar axis, a helix-tocanted antiferromagnetic transition takes place through the intermediate soliton lattice type state.
I. INTRODUCTION
Noncentrosymmetric magnets often host non-collinear or non-coplanar spin arrangements, such as magnetic helices, solitons, and skyrmions 1, 2 . For instance, magnetic helix, cone, Bloch-type-skyrmion lattice, and chiral soliton lattice have been reported in B20type compounds 3 , β-Mn-type Co-Zn-Mn alloys 4 , and Cu 2 OSeO 3 5 with chiral cubic structures. Néel-type-skyrmion lattice is observed in polar magnets, such as GaV 4 S 8 6 , GaV 4 Se 8 7 ,
and VOSe 2 O 5 8 . Furthermore, antiskyrmions appear in magnets with D 2d -symmetry 9 . The skyrmion lattices in insulating materials, such as Cu 2 OSeO 3 and GaV 4 S 8 have been found to accompany the magnetoelectric (ME) coupling 10, 11 . The cross-correlation response attracts interest in terms of the electric-field control of magnetic structure, in particular topological magnetic objects.
To explore a colossal ME response with specific spin ordering, magnetic oxides of Ni 3 TeO 6type chiral polar ordered corundum structure with a space group R3 may be good candidates 12 . Ni 3 TeO 6 undergoes an antiferromagnetic transition at 52 K 13 . Below the Néel temperature, the material shows colossal ME effects across two-step spin-flop transitions [14] [15] [16] .
The present study focuses on isostructural Ni 2 InSbO 6 , which is obtained by substitution of In 3+ and Sb 5+ for one third of Ni 2+ and Te 6+ , respectively. The lattice parameters are a = 5.2168Å and c = 14.0166Å in the hexagonal notation (we use in the hexagonal notation in this paper). While Ni moments in Ni 3 TeO 6 are collinearly arranged in the antiferromagnetic phase, Ni 2 InSbO 6 hosts an incommensurate helimagnetic modulation with a propagation vector q = (0, 0.029, 0) below T N = 76 K, according to the powder neutron diffraction 17 . The long helimagnetic period suggests that Dzyaloshinskii-Moriya (DM) interaction should be essential for the helimagnetic order. The helimagnetically ordered Ni planes are stacked along the c-axis in the out-of-phase manner as in Fe 3 PO 4 O 3 18 . Due to the noncentrosymmetric nature of the underlying crystal structure with both chirality and polarity, Ni 2 InSbO 6 can exhibit a unique magnetic property and fascinating ME responses.
As reported in Ref. 19 , DM interaction activated in a C 3 -symmetry magnet can work differently from that in polar or chiral magnets. Ni 2 InSbO 6 is a rare example which belongs to C 3 point group and hosts non-collinear spiral spin ordering.
Here, we study physical properties of Ni 2 InSbO 6 by using single crystals. Since a spin helix shows an anisotropic response to an external field in general, experimental research by using single crystalline samples is essential to clarify the multiferroic property of the unique spin spiral order 20 . We have found that large pyroelectricity is induced by the helimagnetic order. Metamagnetic transitions are observed by measurements of magnetization, electric polarization, and a dielectric constant in high magnetic fields.
II. EXPERIMENTAL
Single crystals of Ni 2 InSbO 6 were grown by the chemical vapor transport method with use of PtCl 2 as the transport agent 21 transitions. An in-plane magnetic field H a * shifts the low-temperature anomaly to lower temperatures. The anomaly becomes less prominent with increasing the magnetic field. In contrast, a magnetic field along the c-axis only broadens the anomaly, as shown in Fig. 1 (e).
IV. SMALL-ANGLE RESONANT SOFT X-RAY MAGNETIC SCATTERING
A SAXS measurement in resonant with Ni L 3 absorption edge was performed with the incident x-ray propagating in the c-direction. Ring-like scattering in the c-plane is observed at 50 K (below T N ) after zero-field cooling, as shown in Fig. 2 (c). Note that the shadow of a direct beam catcher is seen at the center of the image. The diffraction disappears at 85 K (above T N ), as shown in Fig. 2(d) , suggesting its magnetic origin. (Fig. 3(b) ), which is again in accord with the SAXS result. Figure 3(d) shows the temperature dependence of (003) and satellite intensities at 6 T. The (003) intensity reaches the maximum just below T N , and decreases above 80 K.
On the other hand, the satellite intensity is decreased with a rise of temperature, and is almost the same as the background level above 80 K. These behaviors well correspond to the anomalies of dielectric constant in a magnetic field of 6 T, as depicted in Fig. 3(e) . The system may first undergo a magnetic transition to the commensurate layered antiferromagnetic phase upon cooling and then successively enter the helical phase with a long-wavelength modulation below 74 K. Figure 4 shows high-field M-H and P -H curves at various temperatures measured by using a pulse magnet. For H ⊥ c, the M-H curves below T N have a clear anomaly, as shown in Fig. 4(a) . The transition field H c is approximately 14 T at 4.2 K, decreases monotonically with a rise in temperature, and disappears above T N , as in the curve at 85 K. The magnetization below H c is superlinear to the field, which could be featured by soliton lattice formation, as discussed later. The magnetization in a higher-field phase below T N is linear to the magnetic field, and the extrapolation to is completely different from the case of H ⊥ c configuration, as shown in Fig. 4(c) . The transition field increases and the hysteresis loop becomes smaller with a rise of temperature.
VI. PULSE MAGNET MEASUREMENT
As in the case of H ⊥ c configuration, the field-induced magnetic transition disappears above T N .
As shown in Figs. 4(b) and (d), the change in electric polarization shows an anomaly at the metamagnetic transition. The electric polarization below T N is almost insensitive to the magnetic field perpendicular to the c-axis in the low-field phase, while in the high-field phase, it shows parabolic dependence on magnetic field. Around T N , the sign of the ME coefficient is reversed, and the parabolic dependence disappears. The value of ∆P c at each temperature in the high field phase is in the order of 10 µC/m 2 , which is much smaller than the pyroelectricity at zero-field. The ME effect remains even above T measurements.
VIII. DISCUSSIONS
We discuss the variations in the magnetic structure of Ni 2 InSbO 6 . We assign the low-field phase in the H ⊥ c configuration below H c to the soliton lattice phase with modulating the nearly proper-screw type helicoid ( Fig. 4(e) ), as signaled in the superlinear M-H curve ( Fig. 4(a) ). As shown in Fig. 3(b) , the q-direction is aligned nearly along the external field in Ni 2 InSbO 6 below several tesla. With increasing the magnetic field, the helical structure is gradually modified in the H q configuration. In a chiral ferromagnet with uniaxial q, chiral-soliton lattice can be formed in the H ⊥ q configuration 28 . On the other hand, the formation of solitons in a magnetic field is not straightforward in a chiral antiferromagnet.
Above a critical field H c , weak-ferromagnetic structure should appear as is the case in BiFeO 3 29,30 . To explain the emergence of the soliton and weak-ferromagnetic phase in the Therefore, when the Ni moments are arranged to form layered antiferromagnetic structure, a uniform canted weak-ferromagnetic component can emerge in the c-plane. This situation is expected to realize above the critical field H c , as shown in Fig. 4(g) . Here, the weak- Fig. 4(e) ). Hence, the application of a magnetic field in the c-plane modulates the sinusoid (and thus the underlying proper-screw structure) so that the regions which have local weakferromagnetic moment parallel (antiparallel) to the field expand (shrink) to acquire Zeeman energy gain, resulting in the formation of the soliton structure, as shown in Fig. 4(f) .
On the contrary, the isothermal magnetization curve in the H c configuration is almost linear below the critical field. The difference between two magnetic field configurations can be caused whether the local weak-ferromagnetic component is stabilized by DM interaction. The temperature dependence of electric polarization is shown in Fig. 1(b) . The properscrew type helicoid drives considerably large pyroelectricity. To consider the origin of the ME properties, we take inverse DM mechanism 33 , exchange striction, and spin-direction dependent p-d hybridization 34 into account. The inverse DM effect cannot work effectively in proper-screw helicoid. The electric polarization driven by the exchange striction mechanism ∆P ex z is expressed as
The pyroelectricity measurement shows that the antiferromagnetic arrangement between S Ni1 and S Ni2 enhances the polarization. Therefore the coefficient C should be negative if the exchange striction is dominant. In the proposed weak-ferromagnetic structure as described in Fig. 4(g) , Ni1 and Ni2 moments can be represented as S Ni1 = (S x , S y , 0) and
, where x is the magnetic-field direction and y is set in the c-plane. The exchange striction is calculated to be C(−S 2 +2S 2 x ), where S is the value of Ni spin moment. To calculate the contribution of p-d hybridization mechanism to the electric polarization in a NiO 6 octahedral cluster with 3-fold rotational symmetry, we set six unit vectors e NiO ij along the Ni-O bonds as
where the index i denotes whether the oxygen positions upward (i = 1) or downward (i = 2)
Ni. 
where Fig. 4(b) at 70-90 K. At lower temperatures, it seems that the change in electric polarization is dominated by exchange striction mechanism, because S z = 0 and thus ∆P pd z ≃ 0 in the field-induced weak-ferromagnetic phase. On the other hand, for H c, S z is modified as H is increased and thus ∆P pd z = 0. The magnetization is approximately proportional to the field in each magnetic phase. Therefore, the electric polarization driven by p-d hybridization should show quadratic H-dependence as in the case of the exchange striction, which agrees with the experimental observation.
IX. CONCLUSION
We have found giant pyroelectricity in Ni 2 InSbO 6 driven by helimagnetic order. A peculiar magnetization curve in the H ⊥ c configuration suggests soliton-like magnetic modulation. We propose that 2π solitons may be created in the canted antiferromagnetic background. The application of a magnetic field along c-axis triggers a metamagnetic transition with a hysteresis loop. Further neutron scattering study is necessary to pin down the magnetic structure at each phase. 
